This aims of this study were to investigate the relationship between non-destructive evaluation (NDE) and actual bending properties of particleboard, and to predict the bending properties of three-layer particleboard. Three kinds of raw materials, i.e. Hinoki (Chamaecyparis obtusa Endl.) strand, knife-milled Douglas-fir (Pseudotsuga manziesii (Mirb) Franco), and hammer-milled matoa (Pometia spp.) obtained from wooden industry, were utilized as furnish for experimental panel with methylene diphenyl diisocyanate (MDI) resin as binder. The NDE test was conducted by hit sounds using an FFT analyzer according to the spectrum peak of wave frequency, while the static bending test was conducted according to JIS A-5908. The results reveal that the dynamic Young's modulus as an NDE test has a potential for being used to predict the elastic bending of particleboards by a specific equation for adjusting its proper values. The values of NDE and static test are significantly different with a deviation range at 3-20%. The bending stiffness of three-layer particleboards manufactured from different wood species is predictable by observing the bending stiffness of two elements based on the thickness of its layers. The predicted values of bending stiffness and static test are significantly different with a deviation range at 5-24%.
INTRODUCTION
Non Destructive Evaluation (NDE) of materials is the science of identifying the physical and mechanical properties of a piece of material without altering its end-use capabilities and it is useful to determine relationships between the properties and performance of materials (Ross, 1992) . In particular, the energy storage and dissipation of a sample are potential to evaluate the material nondestructively. The use of NDE may provide knowledge of the properties of wood and its composites, enabling manufacturers to designing and manufacturing products that have predictable properties at a higher level of certainty. Furthermore, the required time to conduct a NDE is shorter than a static test. Several characteristics, e.g. free vibration, wave frequency and wave velocity, have been successfully utilized to evaluate the properties of wood materials (Jayne and Bodig, 1982) . Ross and Pellerin (1988) have reported that stress wave speed and attenuation characteristics may have been related to the same mechanisms that control the mechanical properties of wood-based composite materials due to their strong correlation to static properties. Besides, a strong correlation with internal bonding (IB) properties has also been discovered.
Previous studies have provided the results of investigations over the bending properties of wood and wood-based composites by using the NDE test (Marra et al., 1966; Teixeira and Moslemi, 2001; Hu et al., 2005a Hu et al., , 2005b Moya et al., 2010; Park et al., 2011) . Since prior experimental works have shown a good correlation between NDE and the static modulus of elasticity (MOE) of wood-based composites (Teixeira and Moslemi, 2001) , the current study would focus on the potential of NDE test by examining three-layer particleboards with different particle type and wood species. If values produced from NDE test and static bending test are close enough, the NDE is stated as having a potential for predicting the actual bending properties of particleboards. Beside, the elastic moduli of wood composites may experimentally be determined or predicted from mathematical models. Park et al. (1993) have been developed multiple regression models for predicting bending properties of three-layer particleboard.
Moreover, Moya et al. (2010) have conducted a review over prior works on the modeling of the elastic properties of wood composites. Those models include statistical models based on either empirical or semi empirical models, analytical models using micromechanical equations, and laminate theory. In particular, predicted MOE's deviations may vary within 10 to 25% compared to experimental MOE values.
In terms of the production of three-layer wood-based composites, Hu et al. (2005a; 2005b) have reported a study on the manufacturing of a wood-based composite by using different materials for surface and core layers.
Besides, the study has also suggested that the rule of mixture may possibly be taken to predict the Young's modulus of a product from the Young's moduli of these two elements. In particular, the rule has been suggested as being a suitable approach to predict the stiffness of hybrid wood composite materials. Therefore, the current study attempts to predict the bending strength of three-layer particleboards, which use different wood species or particle shape, by applying the rule of mixtures. Furthermore, there are two different elastic bodies (surface and core layers) in the three-layer particleboards, which take high-density matoa as the core layer and hinoki or Douglas-fir as the surface layer.
In a situation as such, this study would attempt to answer a question on how layer structure and particle characteristics may affect the quality and elasticity of particleboards manufactured from different furnish. The objectives of this study were to assess the relationship between non-destructive evaluation and actual bending properties, and to predict the bending properties of three-layer particleboard.
MATERIALS and METHODS

Board manufacture
Three kinds of raw materials obtained from Shelling ratio of 0 means one-layer matoa particleboard. The target density was set at 0.72 g/cm 3 with board size of 340 × 320 × 10 mm.
The resulting wood particle mats were then hand-pressed with a flat plywood panel and then hot-pressed with temperature of 180℃, pressure of 3 MPa, and pressing time of 5 minutes. Three particleboard were prepared for each experimental, therefore 27 boards were produced.
Board evaluation
Mechanical properties evaluations were included nondestructive evaluation to predict the elastic and plate shear modulus of particle- The Ed was determined by hit sounds using a Fast Fourier Transform (FFT) analyzer SA-78 according to spectrum peak of wave frequency.
The Ed value was calculated by using this following formula (Suzuki and Miyamoto, 1998) :
where a is panel side length (cm), f is the frequency of sympathetic vibration on flexural
) and h is thickness of board (mm).
The boards then were cut into 280 × 50 mm sizes. There were six samples of each board for determining the elastic constant using the flatwise bending vibration (E1 ·· (3) where P is the load at proportional limit (kgf), δ is the deflection at midspan (cm), b is the width of board and L is the length of span between the centers of supports (cm).
Prediction of bending properties based on shelling ratio
In this study, the proportion of each layer was based on the weight fraction of particles, which was used as an approach to determine the boards' shelling ratio. To measure the shelling ratio of particleboards based on actual thickness, three boards measuring 50 × 50 mm were used for each variable. The measuring points were on the edge side of the boards, therefore four measuring points on each board were marked. Thickness of boards was measured (t), then the thickness of both surface layer was measured (ts). Shelling ratio (λ ) was calculated by dividing the thickness of surface layer to the thickness of a board as follows (Moslemi, 1974) :
Moment of inertia of the boards and those of each layer then were also determined. Moment of inertia of the boards, which are in a rectangular shape, was determined as follows:
······················································· (5) ···················································· (6) Moment of inertia of the core and surface layers were calculated as follows:
····················································· (7) ···················································· (8) where I is the total moment of inertia (cm is the board's length (mm), h is the board's thickness (mm) and hc is the thickness of core layer (mm).
Predicted modulus of elasticity (MOEp) of the board was calculated as follows:
······································· (9) ······························ (10) where Ef and Ec are the MOEs of face and core layers of single layer particleboard of two elements, respectively.
RESULTS and DISCUSSION
3.1. Relationship between NDE and static bending MOE Fig. 1 exhibits a set of data in which there seems no difference between Ed and MOE on each point except for a single-layer hinoki board. A similar trend is exhibited in Fig. 2 and static MOE of wood-based composites (Ross and Pellerin, 1988; Texeira and Moslemi, 2001 ).
Prediction of bending properties based on layer thickness
Predicting the bending properties of three-layer particleboards with different wood species or particle shapes is possible to conduct by using the rule of mixtures (Hu et al., 2005a) . In this study, the rule was taken by investigating the moment of inertia and the bending stiffness of each layer of those boards. The moment of inertia of each layer should be first calculated, while the thickness of each layer should be measured, and shelling ratio may hence be determined. Table 1 provides data of layer thickness, density and shelling ratio of particleboards under observation. After determining the shelling ratio based on board thickness, the moment of inertia and a prediction of bending 
